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Two Experimental Demonstrations in 2010

Lots of well-deserved skepticism



Identifying The Bottlenecks

• Experimentally observed digital & analog cancellation is not 
additive, and in fact, inversely related
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Fig. 4. Measurements of the average amount of cancellation achieved by
digital cancellation and cancellation values computed based on the constant
and linear fit. The constant fit is equal to αcon

DC,i (dB) = αcon
ACDC,i − αcon

AC,i =

1.1 (dB). We compute the linear fit using the equations for αlin
AC,i and αlin

ACDC,i.
The linear fit is equal to αlin

DC,i (dB) = αlin
ACDC,i (dB) − αlin

AC,i (dB) =

λACDC(αlin
AC,i (dB) − βAC)/λAC + βACDC − αlin

AC,i (dB).

analog cancellation. Results in Fig. 4 show that, in agreement
with Result 2, as αAC,i increases αDC,i decreases. In Fig. 4 we
also show the value of αDC,i computed based on the constant
fit and the linear fit. Results in Fig. 4 show that the dominant
behavior is again better captured by the linear fit.

Dual to Result 2 is the following result.
Result 3: The smaller the amount of suppression achieved

by analog cancellation during a frame, the larger the probabil-
ity that applying digital cancellation after analog cancellation
will result in an increase of the total suppression during that
frame.

In contrast to the average system performance in Re-
sults 1 and 2, Result 3 relates to frame-by-frame per-
formance. In our experiments, the suppression achieved
by analog cancellation during frame f was computed as
αAC,i[f ] (dB) = PRI,i[f ] (dBm) − PAC,i[f ] (dBm) and the
suppression achieved by analog and digital cancellation during
frame f was computed as αACDC,i[f ] (dB) = PRI,i[f ] (dBm)−
PACDC,i[f ] (dBm). The suppression achieved by digital cancel-
lation after analog cancellation during frame f was computed
as αDC,i[f ] (dB) = αACDC,i[f ] (dB) − αAC,i[f ] (dB). Digital
cancellation resulted in an increase in total suppression during
frame f if αDC,i[f ] (dB) > 0.

Result 3 is verified by experiment results in Fig. 5 which
show the probability that digital cancellation results in an
increase in total suppression during a frame as a function
of the suppression achieved by analog cancellation during a
frame. For example, for values αAC,i[f ] between 24 dB and
25 dB the probability of having αDC,i[f ] (dB) > 0 is equal
to 95 %. We observe from Fig. 5 that digital cancellation
after analog cancellation becomes more effective as αAC,i[f ]
decreases. Fig. 5 shows that digital cancellation is effective
for the frames where analog cancellation achieves less than 32
dB of suppression, since in these frames the probability that
digital cancellation increases the total suppression is greater
than 50 %. However, for frames where analog cancellation
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Fig. 5. Probability that digital cancellation after analog cancellation increases
the total amount of cancellation during a frame as a function the cancellation
achieved by analog cancellation.

achieves more than 32 dB of cancellation, applying digital
cancellation after analog cancellation is not effective since the
probability that digital cancellation results in an increase of
the total amount of cancellation is less than 50 % hence it
is most likely that digital cancellation will increase the self-
interference. Based on Result 3 we propose a design rule for
full duplex systems which will be presented in Section V-C.

Reasons for Result 2 and Result 3: Intuitively it is clear
that if analog cancellation can achieve perfect cancellation
(infinite dB of cancellation) then digital cancellation is un-
necessary. In fact, if analog cancellation can achieve perfect
cancellation then applying digital cancellation can result in an
increase in the self-interference. This can be observed from
(2). Notice that in case of perfect analog cancellation we
have that hI,i[f ] − hZ,i[f ]!κAC,i[f ] = 0 but due to noise in
the system the value of !κDC,i[f ] will not be equal to zero
and will correspond to a measurement of noise hence adding
−!κDC,i[f ]xi[n, f ] to the signal after analog cancellation will
result in an increase in the self-interference. We observe
that as the performance of analog cancellation improves, the
noise in the estimation of hI,i[f ] − hZ,i[f ]!κAC,i[f ] increases
since hI,i[f ]−hZ,i[f ]!κAC,i[f ] becomes a smaller quantity and
this reduces the effectiveness of applying digital cancellation
after analog cancellation. Although our implementation of
analog cancellation does not achieve perfect cancellation we
do observe from experiment results in Fig. 5 that for values
of αAC,i[f ] larger than 32 dB it is most likely that applying
digital cancellation will increase the self-interference. This is
consistent with average performance results in Fig. 4 which
show that when the average cancellation achieved by analog
cancellation is larger than 30 dB then digital cancellation after
analog cancellation can result in an increase in the average
self-interference which results in negative values of αDC,i. !

The reasoning for Results 2 and 3 was also noted in [8].
Simulation results in [8] demonstrated that cancellation may
actually degrade the isolation when the channel estimation
error is large since cancellation adds a signal at the receiver
side. Our experiment results now corroborate the observation
made in [8] which was based on simulation results.
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Identifying The Bottlenecks

• Experimentally observed digital & analog cancellation is not 
additive, and in fact, inversely related

• Culprit was transmitter phase noise, explained all our results
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and the error in channel estimate used for active analog
cancelation

1) Pre-Mixer Canceler: As an example, let us consider the
residual self-interference in a pre-mixer canceler. Let us define
the residual self-interference channel as

hresidual−si[iT ]=hsi

!
δ[iT−∆si]e

−jωc∆si−ρδ[iT−τ ]e−jωcτ
"
.

(36)

Then, the residual self-interference signal in the digital domain
can be written as

hresidual−si[iT ] ∗ xsi[iT ]ej(φcancel[iT ]−φdown[iT ])

+rphase−noise,pre[iT ] + znoise[iT ] (37)

where

rphase−noise,pre[iT ] = jhsie
−jωc∆sixsi[iT −∆si]

× (φsi[iT −∆si] − φcancel[iT ]) ej(φcancel[iT ]−φdown[iT ]) (38)

is the residual that is dependent on phase noise and uncorrelated
with the self-interference signal xsi[iT ]. The digital canceler
can use an estimate of the residual self-interference channel
#hresidual−si[iT ] to generate canceling signal −#hresidual−si[iT ] ∗
xsi[iT ], resulting in residual self-interference, i.e.,

yresidual−digital[iT ]

= (hresidual−si[iT ]) ∗ xsi[iT ]) ej(φcancel[iT ]−φdown[iT ])

− #hresidual−si[iT ] ∗ xsi[iT ] + rphase−noise,pre[iT ]

+ znoise[iT ]

≈
$
hresidual−si[iT ] − #hresidual−si[iT ]

%
∗ xsi[iT ]

+ rphase−noise,pre[iT ] + jhresidual−si[iT ] ∗ xsi[iT ]

× (φcancel[iT ] − φdown[iT ]) + znoise[iT ]. (39)

The strength of the residual self-interference after digital
cancelation is

E
$
|yresidual−digital[iT ]|2

%

≈ E
&'''

$
hresidual−si[iT ] − #hresidual−si[iT ]

%
∗ xsi[iT ]

'''
2
(

+ E
$
|rphase−noise[iT ]|2

%

+ E
$

|(hresidual−si[iT ] ∗ xsi[iT ])

× (φcancel[iT ]−φdown[iT ])|2
%
+E

$
|znoise[iT ]|2

%

= E
&'''

$
hresidual−si[iT ] − #hresidual−si[iT ]

%
∗ xsi[iT ]

'''
2
(

) *+ ,
imperfect estimate in digital domain

+ 2|hsi|2σ2
si (1 − Rφsi(∆si))) *+ ,
phase noise

+σ2
noise

+E
$
|(hresidual−si[iT ] ∗ xsi[iT ])|2

%

) *+ ,
imperfect estimate in analog domain

!
σ2

si+σ2
down

"
. (40)

We make the following two observations from (40).

Fig. 8. Relationship between amount of active analog cancelation and the
amount of digital cancelation in a pre-mixer canceler is shown. In addition,
we assume σ2

si = σ2
down.

Observation 6: The amount of residual self-interference
after the digital cancelation stage is lower bounded by
2|hsi|2σ2

si(1 − Rsi(∆si)) + σ2
noise, which, as we recall from

Section V-A, is the strength of residual self-interference after
active analog cancelation that uses perfect estimate of the self-
interference channel. If the digital canceler uses a perfect esti-
mate of the residual self-interference channel #hresidual−si[iT ] =
hresidual−si[iT ], then it can eliminate the residual that depends
only on the self-interference signal entirely. Fig. 8 shows the
amount of digital cancelation possible as a function of active
analog cancelation for a pre-mixer canceler, where the local
oscillators in the canceling and self-interference paths are in-
dependent, which implies that Rφsi(∆si) = 0. Fig. 8 explains
the trend of active analog versus digital cancelation reported in
[10], where the sum total active cancelation of active analog
and digital stages is no more than 35 dB, which is the amount
of cancelation achieved when the analog stage uses perfect
estimates.

Observation 7: If σ2
down ≫ σ2

si, then the receiver phase
noise will be a dominant source of bottlenecks in digital cance-
lation. In computing the contribution of receiver phase noise to
the residual self-interference signal, we note that the variance
of receiver phase noise is scaled by strength of the residual
self-interference channel. Poor active analog cancelation im-
plies that E(|(hresidual−si[iT ] ∗ xsi[iT ]|2) is large. Therefore, as
shown in Fig. 8, poor active analog cancelation results in less
overall cancelation, even when digital cancelation uses a perfect
estimate of self-interference channel.

2) Post-Mixer Cancelers: Here, digital cancelation cas-
caded with active analog cancelation can only cancel the por-
tion of residual self-interference that is correlated with the
self-interference signal. The phase-noise-dependent residual
self-interference is given by

rphase−noise,post = jhsie
−jωc∆sixsi[iT −∆si]

× (φsi[iT −∆si] − φsi[iT − τ ]) ej(φsi[iT−τ ]−φdown[iT ]). (41)

x

x
x[n] +

f(·)
ej(!t+�(t))

h�(t� ⌧)

Phase noise



Practical Protocols with Experimental Demonstrations

2015

2016

2017

On Degrees-of-Freedom of Multi-User MIMO
Full-Duplex Network

Jingwen Bai
Rice University, Houston, TX, USA

jingwen@rice.edu

Suhas Diggavi
UCLA, Los Angeles, CA, USA

suhas@ee.ucla.edu

Ashutosh Sabharwal
Rice University, Houston, TX, USA

ashu@rice.edu

Abstract—When a multi-antenna (MIMO) base-station oper-
ates in full-duplex mode, multiple uplink and downlink streams
can be supported simultaneously in the same frequency band.
However, the inter-mobile interference from uplink streams to
the downlink streams can limit the system performance. In this
paper, we first characterize the degrees-of-freedom of a multi-
user MIMO (MU-MIMO) full-duplex network with half-duplex
mobile clients, and derive the regimes where the inter-mobile
interference can be mitigated to yield significant gains over the
half-duplex counterpart. The achievability is based on interfer-
ence alignment and requires full channel-state information at the
transmitter (CSIT). Next, we study the case with partial CSIT
where only the base-station acquires downlink channel values
to avoid collecting network-wide CSIT at all transmitters in the
system. We show that the key to achieving the sum degrees-of-
freedom upper bound with only partial CSIT is the ability of the
base-station to switch antenna modes that can be realized via
reconfigurable antennas.

I. INTRODUCTION

In-band full-duplex wireless is an emerging technique, and
promises to significantly improve the spectral efficiency, by
allowing simultaneous transmission and reception in the same
frequency spectrum. In fact, it is now feasible to design
near-perfect full-duplex base-stations (e.g., see [1–3] and the
references therein). In-band full-duplex has also become part
of the ongoing standardization both in 3GPP [4] and 802.11-
ax [5]. One potential way to leverage the full-duplex capability
at the base-station (BS) is to support both uplink and downlink
transmissions for legacy half-duplex mobile clients [6].

In this paper, we study a single-cell MU-MIMO full-duplex
network, where an M -antenna full-duplex BS communicates
with Ku uplink and Kd downlink streams in the same time-
frequency slot. The space-constrained mobile devices are
assumed to be single-antenna half-duplex. The simultaneous
operation of uplink and downlink transmission, however, intro-
duces inter-mobile interference from uplink users to downlink
users as shown in Fig. 1. Therefore, we study the performance
limits of the network labelled as (M, Ku, Kd) MU-MIMO
full-duplex network, and identify the regimes where full-
duplex operation is beneficial.

We first characterize the degrees-of-freedom (DoF) of
(M, Ku, Kd) network. We show that when max(Ku, Kd) >

M , the full-duplex operation always yields gains over the half-
duplex counterpart where uplink and downlink transmissions

This work was partially supported by NSF CNS-1314937, NSF CNS-
1161596, Xilinx, Intel and Verizon.
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Fig. 1: M -antenna full-duplex BS supporting Ku uplink and
Kd downlink single-antenna half-duplex mobile clients.

occur in orthogonal time/frequency slots. Our achievability is
based on interference alignment [7] that requires full CSIT. We
also study the case with partial CSIT, where only the BS needs
to acquire downlink channel values. The key to achieving the
sum DoF upper bound with only partial CSIT is the ability of
BS to switch antenna modes which can be realized through
reconfigurable antennas where more than one pattern can be
radiated with different current distribution [8]. With antenna
switching at BS, we artificially induce channel fluctuations for
both up- and downlink channels that can be exploited to cancel
out the inter-mobile interference without knowing the values
of Ku ⇥ Kd interference channels in the network.

For related work, a full-duplex uplink/downlink channel is
studied in [9] where all nodes are assumed to be full-duplex
under ergodic phase fading. The use of antenna mode switch-
ing has been investigated in [8] at the mobile clients to achieve
blind interference alignment for MIMO broadcast channels.
In this paper, we leverage the antenna-switching ability at
the full-duplex BS for up- and downlink channels with half-
duplex mobile clients. At the completion of this work, we
were informed of [10] (posted concurrently to our submission)
which independently and simultaneously considered a similar
problem formulation. From our understanding, there are a
few differences including that we studied the DoF region and
considered the use of antenna modes at the BS to reduce the
need for all transmitters to acquire network-wide CSIT.

II. SYSTEM MODEL

In a single-cell (M, Ku, Kd) MU-MIMO full-duplex net-
work, the full-duplex capability is available only at the BS

864978-1-4673-7704-1/15/$31.00 ©2015 IEEE ISIT 2015
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switching at BS, we artificially induce channel fluctuations for
both up- and downlink channels that can be exploited to cancel
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Multi-cell Analysis Promises Spectral Efficiency Gains

• Network throughput gains, even with errors, half-duplex 
nodes and increased interference

• Asymptotically spectral efficiency approaches 2X 
• With 64-256 antenna gains approaches 1.8X (5G array sizes)
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Asymptotic Analysis of MIMO Multi-Cell
Full-Duplex Networks

Jingwen Bai and Ashutosh Sabharwal, Fellow, IEEE

Abstract—We study a multi-cell multi-user MIMO full-duplex
network, where each base station (BS) has multiple antennas with
full-duplex capability supporting single-antenna users with either
full-duplex or half-duplex radios. We characterize the up- and
downlink ergodic achievable rates for the case of linear precoders
and receivers. The rate analysis includes practical constraints
such as imperfect self-interference cancellation, channel estima-
tion error, training overhead and pilot contamination. We show
that the 2⇥ gain of full-duplex over half-duplex system remains
in the asymptotic regime where the number of BS antennas grows
infinitely large. We numerically evaluate the finite SNR and
antenna performance, which reveals that full-duplex networks
can use significantly fewer antennas to achieve spectral efficiency
gain over the half-duplex counterparts. In addition, the overall
full-duplex gains can be achieved under realistic 3GPP multi-cell
network settings despite the increased interference introduced in
the full-duplex networks.

Index Terms—Full-duplex wireless, massive MIMO, multi-cell
cellular networks, ergodic achievable rate.

I. INTRODUCTION

One of the emerging techniques to significantly improve the
spectral efficiency in wireless networks is full-duplex wireless
communication [1]. In-band full-duplex wireless allows simul-
taneous transmission and reception using the same frequency
band, and thus opens up new design opportunities to increase
the spectral efficiency of wireless systems. The feasibility of
a (near-) full-duplex radio has been demonstrated by many
groups, see e.g.[1–8] and references therein. A side-effect
of the full-duplex operation is that additional interference is
introduced because there are more simultaneous active links
and hence there is a possibility that the full-duplex gain can be
offset by the loss due to additional interference. In the example
shown in Fig. 1, the uplink rate will be affected by the new
interference from neighboring full-duplex BSs, and downlink
rate will be affected by the new interference from uplink users
(UE).

In this paper, we study if and how large antenna arrays
at BSs can be used to manage the increased intra- and inter-
cell interference in full-duplex enabled networks. Recently, the
use of a very large antenna array at the BS has become very
attractive [9–12], known as massive MIMO, where a BS has
orders of magnitude more antennas compared with the current
use. The large antenna array at the BS not only can increase the
network capacity many-fold, but also enable a new network ar-
chitecture to simplify baseband signal processing [9], eliminate
inter-cell interference [13], and reduce node transmit power for
energy saving [14]. The experimental evidence on the benefits
of massive MIMO has already sparked strong industry interest

Fig. 1: The full-duplex BS in each cell has M antennas, and
the UE has single antenna with either full-duplex or half-
duplex radio. Besides the conventional interference, there will
be new BS-BS and UE-UE interference highlighted by the red
dash lines.

and 64-antenna configuration [15] is now being considered for
5G systems.

Our contributions are three-fold. First, we provide a general
analysis to characterize the uplink and downlink ergodic
achievable rates in multi-cell multi-user MIMO (MU-MIMO)
full-duplex networks. Focusing on computationally efficient
linear receivers and precoders, we consider the case where
each BS has multiple antennas with full-duplex capability,
while each UE has a single antenna with either full-duplex
or half-duplex radio. Practical constraints such as imperfect
self-interference cancellation, channel estimation error, train-
ing overhead and pilot contamination are considered in our
analysis.

Second, we analyze the system performance in the asymp-
totic regime where the number of BS antennas grows infinitely
large. We show that the transmit power of BSs and UEs can
be scaled down with an increasing number of BS antennas to
maintain a fixed asymptotic rate. The impact of imperfect self-
interference cancellation at full-duplex BSs and full-duplex
UEs, intra-cell and inter-cell interference in the multi-cell MU-
MIMO full-duplex networks disappears as the number of BS
antennas becomes infinitely large. Under the assumption of
perfect channel knowledge, full-duplex system asymptotically
achieves 2⇥ spectral efficiency gain over the half-duplex
system. When channel estimation error and channel training
overhead are considered, the 2⇥ asymptotic full-duplex gain
is achieved when serving only full-duplex UEs.

Lastly, we numerically evaluate the system performance in
finite SNR and finite antenna regimes. Our numerical results
reveal that full-duplex networks can use significantly fewer

1
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Full-duplex in Wireless and Wireline

• 3GPP full-duplex backhaul

• Cable Labs: next-gen cable modems

CableLabs, Feb’16

FierceWireless, Sept’15



New Headache – Too Much Analog !
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square of array 
size
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“All-digital" Full-duplex (no new analog) ?
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Digital Cx
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RF saturation



Goal: All-digital Full-duplex Architecture via Beamforming
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Questions to Answer

1. In what conditions is all-digital FD feasible? 

2. What are practical algorithms for all-digital FD?
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Digital Cx Tx Beamforming 



Questions to Answer

1. In what conditions is all-digital FD feasible? 

2. What are practical algorithms for all-digital FD?

Rx Baseband Tx Baseband

Tx RFRx RF

Digital Cx Tx Beamforming 

Answer with info-
theoretic analysis

Answer with design 
and experiment
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Everett, Sahai and Sabharwal “Passive Self-interference Suppression For Full-duplex 
Infrastructure Nodes” in IEEE Trans. Wireless Comm, 2014.



Experimental Evidence for Backscattering

Room

Anechoic

Everett, Sahai and Sabharwal “Passive Self-interference Suppression For Full-duplex 
Infrastructure Nodes” in IEEE Trans. Wireless Comm, 2014.



Rx Tx
Base station

Direct-path

The Challenge of Backscattering

Backscattered

Direct-path can be passively suppressed

Backscattering becomes bottleneck

Everett, Sahai and Sabharwal “Passive Self-interference Suppression For Full-duplex 
Infrastructure Nodes” in IEEE Trans. Wireless Comm, 2014.



Can we do a better job of spatial isolation in 
a backscattering environment? 

Yes, but there is a catch !



Half-duplex Spatial Multiplexing

Uplink

Downlink

Rx Tx

Base station

Time slot 1



Half-duplex Spatial Multiplexing

Uplink

Downlink

Rx Tx

Base station

Time slot 2 

Uplink DoF
2 data streams 

2 time slots= 1= 

Downlink DoF 2 data streams 
2 time slots= 1= 



Full-duplex Spatial Multiplexing

Uplink

Downlink

Rx Tx

Base station

The catch: beamformed 
suppression can “cost” spatial 

multiplexing



Full-duplex Spatial Multiplexing

Uplink

Downlink

Rx Tx

Base station

How do we balance beamformed 
suppression and spatial multiplexing?

Signal-scale Analysis of DoF



Rate Region for Wireless Full-duplex
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• Need tractable model, captures the physics

• Two key aspects to model

• Antenna design

• Scattering

Choosing the Model



Uplink Downlink

Rx Tx
Base station

Modeling Antennas
Poon, Broderson, and Tse. 
“Degrees of freedom in 
multiple-antenna channels: a 
signal space approach.” 
2005 IEEE Trans Info Thry. 



Uplink Downlink

Rx Tx
Base station

Modeling Antennas
Poon, Broderson, and Tse. 
“Degrees of freedom in 
multiple-antenna channels: a 
signal space approach.” 
2005 IEEE Trans Info Thry. 



Uplink Downlink

Rx Tx
Base station

Modeling Scattering
Poon, Broderson, and Tse. 
“Degrees of freedom in 
multiple-antenna channels: a 
signal space approach.” 
2005 IEEE Trans Info Thry. 



Uplink Downlink

Rx Tx
Base station

Modeling Scattering

Forward-scattering
intervals

Backscattering
intervals

Poon, Broderson, and Tse. 
“Degrees of freedom in 
multiple-antenna channels: a 
signal space approach.” 
2005 IEEE Trans Info Thry. 



Up Down

Rx Tx

Base station

Uplink degrees-of-freedom

D
ow

nli
nk

 d
eg

re
es

-o
f-f

re
ed

om

Solving the Degrees-of-freedom Tradeoff
Everett and Sabharwal, 
“Spatial Self-interference 
Isolation for In-band Full-
duplex Wireless…,”
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Solving the Degrees-of-freedom Tradeoff
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Everett and Sabharwal, 
“Spatial Self-interference 
Isolation for In-band Full-
duplex Wireless…,”

Solving the Degrees-of-freedom Tradeoff



When, and By How Much, Is Full-duplex Better?
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If scattering overlapped, and base station arrays no larger 
than mobile arrays, no gain
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Base station

Uplink degrees-of-freedom
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Gain proportional to non-overlap between backscattering 
forward scattering
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Gain proportional to non-overlap between backscattering 
forward scattering



Further improve full-duplex with larger arrays at base 
station
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Leverage extra DoFs for nulling



Further improve full-duplex with larger arrays at base 
station
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Further improve full-duplex with larger arrays at base 
station (“Massive MIMO Regime”)

Up Down
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Questions to Answer

1. In what conditions is all-digital FD feasible? 

2. What are practical algorithms for all-digital FD?

Rx Baseband Tx Baseband

Tx RFRx RF

Digital Cx Tx Beamforming 

Answer with info-
theoretic analysis

Answer with design 
and experiment



Suppression via Transmit Beamforming

Self-interference

• For 2D arrays, many direct self-interference path
• Transmit beamforming must suppress both direct and 

reflected paths 

NASA array Lund array Rice Argos array



Nulling is Not Possible 

• (# of  Tx antennas) − (# of Nulls) =  # of Effective antennas 

• More nulls means less power to each user



But we don’t need to null self-interference?

Rx Baseband Tx Baseband

Tx RFRx RF

Digital Cx SoftNull



• Given a required # of effective Tx antennas,  DTX

• Select beam-weight matrix,        , which maximally suppresses 
self-interference

SoftNull

Digital Cx

Rx RF

Uplink 
Processing

Tx RF

Downlink
Processing

• Effective self-interference 
channel: 

DTX ×DTX

DTX

Simple closed form solution



DTX = 1

DTX = 5

DTX = 9

DTX = 13

DTX = 2

DTX = 6

DTX = 10

DTX = 14

DTX = 3

DTX = 7

DTX = 11

DTX = 15

DTX = 4

DTX = 8

DTX = 12

DTX = 16

SoftNull example: 
Self-interference power vs. # of effective Tx antennas, DTX



DTX = 1

DTX = 5

DTX = 9

DTX = 13

DTX = 2

DTX = 6

DTX = 10

DTX = 14

DTX = 3

DTX = 7

DTX = 11

DTX = 15

DTX = 4

DTX = 8

DTX = 12

DTX = 16

SoftNull example: 
Self-interference power vs. # of effective Tx antennas, DTX

SoftNull tradeoff

• As # of effective antennas decreases:
• Uplink benefits from better self-interference 

suppression
• Downlink suffers due to lower SNR



SoftNull Feasibility Study

• Is a “good” SoftNull tradeoff feasible for real channels?
• Impact of array partitioning
• Impact of backscattering

• Is benefit to uplink SoftNull worth the cost to the downlink?



Argos-based Measurement Platform

• NASA Array+Argos Base Station
• 72 patch antennas, 8x9 grid
• 18 WARP nodes

• 4 Users via WARP Measure 72 X 72 self-coupling channel 
• OFDM pilots from each antenna while all others listen

• Enables comparison of arbitrary Tx/Rx partitions
• Measure 72x4 uplink and 4x72 downlink channel



Measurement Campaign: 3 Environments

Anechoic Chamber IndoorOutdoor



SoftNull Feasibility Study

• Is a “good” SoftNull tradeoff feasible for real channels?
• Impact of array partitioning

• Impact of backscattering

• Is benefit to uplink worth the cost to the downlink?



Tx/Rx Partitioning

East-West North-South
Northwest-Southeast

(NW-SE) Interleaved



Tx/Rx Partitioning Results (Anechoic Chamber)

East-West North-South
Northwest-Southeast

(NW-SE) Interleaved



Tx/Rx Partitioning Results (Anechoic Chamber)

East-West North-South
Northwest-Southeast

(NW-SE) Interleaved

• Contiguous splits are best

• Minimizes angular spread of 
the self-interference



SoftNull Feasibility Study

• Is a “good” tradeoff feasible for real channels?
• Impact of array partitioning
• Impact of backscattering

• Is benefit to uplink worth the cost to the downlink?



Impact of Back-scattering

East-West

Outdoor Indoor

• More backscattering leads to less suppression (as theory predicts)
• Reason: backscatter breaks antenna correlation 



SoftNull Feasibility Study

• Is a “good” tradeoff feasible for real channels?
• Impact of array partitioning
• Impact of backscattering

• Is benefit to uplink worth the cost to the downlink?



• Scenario: East-West split, indoor 
and outdoor

• Methodology: simulation using real 
measured channels

• Compare uplink and downlink 
rates of SoftNull versus half duplex 
and ideal full-duplex

Is Benefit to Uplink Worth the Cost to the Downlink?

Base station power 0 dBm

Mobile user power -10d Bm

Noise power -95 dBm

Dynamic range limit 25 dB

Number of users 4

Path Loss
85 dB
(300m)

Simulation Parameters

Outdoor Indoor

East-West



Is benefit worth the loss in downlink SNR?

East-West

Uplink:

Downlink:

Uplink+Downlink:

Outdoor Indoor
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Is benefit worth the loss in downlink SNR?

East-West

Uplink:

Downlink:

Uplink+Downlink:

Outdoor Indoor



Impact of distance (i.e. path loss)

70 dB path loss
(50m LoS)

85 dB path loss
(300m LoS)

100 dB path loss
(1km LoS)

Outdoor Indoor

East-West
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70 dB path loss
(50m LoS)

85 dB path loss
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SoftNull Feasibility Study

• Is a “good” tradeoff feasible for real channels?

• Yes, when array partitioned contiguously 
• Especially in low-backscattering deployments (like on base-

stations)

• Is benefit to uplink worth the cost to the downlink?

• Yes, for low to medium path losses
• Especially when # of antennas >> # number of users



JointNull: A Small # of Analog Cancellers

• Add a small number of analog cancellers, that can make any 
antenna full-duplex

• So there are three parts to overall cancellation
• Transmit pre-coding
• Analog cancellation 
• Digital cancellation

• Sum-rate maximizing antenna configuration & precoding



JointNull: A Small # of Analog Cancellers

• If analog cancellers are low-quality, ~M/10 achieve 90% of 
max sum-rate

• If higher quality, need ~M/2 cancellers to achieve 90%
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Half-duplex sum rate = 57.5 bps/Hz
Number of antennas = 72

60 dB analog cancelation
40 dB analog cancelation
20 dB analog cancelation



Conclusions

• Massive MIMO means many more transmit dimensions
• SoftNull uses it for all-digital full-duplex

• No new analog components – build on today’s radios

• JointNull generalizes it partial-analog full-duplex

• Platform crucial

• Have real-time implementation & evaluation of SoftNull
• Real-time results closely match today’s results 



Rice Argos V2: 96 Antennas (Scalable to 144 Antennas)



ArgosMobile



ArgosNet: Total of 400 Radios
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bE
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Server

Server

ArgosCloud
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(Outdoor) ArgosBS 3

(Outdoor)

ArgosBS 4
(Indoor) 

ArgosMobile

ArgosMobile

ArgosMobile

ArgosMobile

ArgosMobile

ArgosBS 1
(Outdoor) 

Server

NSF CRI 2014-2017: ArgosNet by Zhong, Knightly and Sabharwal



Questions or Comments ?

Full-duplex: http://fullduplex.rice.edu

WARP: http://warp.rice.edu

Argos: http://argos.rice.edu

Scalable Health: http://sh.rice.edu


